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The Central Asian Orogenic Belt is a long-lived accretionary orogen, and the late Paleozoic has been considered to be
a critical period for the terminal amalgamation of its three tectonic collage systems. However, the exact timing of
amalgamation and the geological process of such a huge accretionary orogenic belt are poorly understood. This study
presents new geochronological and geochemical data for Permian intermediate-maﬁc dikes in the Chinese Altai, a
key region between the Mongolian and the Kazakhstan collage systems. According to mineral assemblages and
petrographic textures, the intermediate-maﬁc dikes can be categorized as gabbronorite and quartz diorite. The
gabbronoritic and quartz dioritic dikes have zircon U-Pb ages of 276.7 5 2.9 and 273.2 5 4.3 Ma, respectively. The
gabbronorites are characterized by low SiO2 (47.1–51.3 wt%) and high MgO (5.33–8.46 wt%), together with medium
Cr (71.2–95.7 ppm) and Ni (80.6–192 ppm) contents. Geochemical modeling indicates that the parental magma was
possibly contaminated by 4%–12% crustal materials. Zircon ɛHf(t) (113.2 to 116.7) and whole-rock ɛNd(t) (14.9 to
16.1) values as well as moderate Sm/Yb ratios (1.75–1.89) imply that the parental magma might have originated from
a depleted mantle source dominated by spine lherzolite. In contrast, the quartz diorites exhibit higher SiO2 (57.3–
58.3 wt%) and lower whole-rock ɛNd(t) (∼12.5) and zircon ɛHf(t) (19.1 to 114.4) values, implying that they have a
magma source unlike the depleted mantle of the gabbronorites. The parental magma may be derived frommaﬁc lower
crust. The quartz diorites have high Y (139.8 ppm) and heavy rare earth element (e.g., Yb 13.64 ppm) concentrations
as well as low Sr/Y (!12) ratios, consistent with geochemical ﬁngerprints of a magma reservoir at shallow depths
(!10 kb). Major element compositions of the quartz diorites are comparable to those of intermediate liquids generated
by ∼40% partial melting of alkali-enriched basaltic rocks at conditions of Tp 10507–11007C and P p 8 kbar. Such a
high geothermal gradient is inferred to be a consequence of intraplating and/or underplating of hot basaltic magmas in
an extensional setting, which may shed light on the ubiquitous tectonic scenario after amalgamation of tectonic
collages.
Online enhancements: supplementary tables.Introduction
The Central Asian Orogenic Belt is one of the larg-
est and longest-lived accretionary orogenic collages
on earth, representing a typical region of massiveManuscript received July 2, 2015; accepted February 10,
2016; electronically published June 20, 2016.
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and Natal’in 1996; Jahn et al. 2000a, 2000b; Jahn
2004; Windley et al. 2007). Its development is be-
lieved to be a consequence of the incorporation of
numerous allochthonous materials, such as island
arcs, seamounts, subduction-accretion complexes,
ophiolites, and microcontinents (Khain et al. 2002;1–500] q 2016 by The University of Chicago.
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482 K . D . C A I E T A L .Windley et al. 2002, 2007; Kovalenko et al. 2004;
Xiao et al. 2004; Kröner et al. 2011, 2014; Wilhem
et al. 2012; Xiao and Santosh 2014; Zhang et al.
2015). These diverse componentsmerged into three
independent collage systems in the early Paleozoic,
namely, theMongolian, Kazakhstan, and Tarim-North
China collage systems (ﬁg. 1; Xiao et al. 2015). How-
ever, little is known about the ﬁnal tectonic process
and timing of their mutual convergence in the late
Paleozoic.This content downloaded from 147.00
All use subject to University of Chicago Press TermsThe Chinese Altai is situated along the south-
western margin of the Mongolian collage system
and is juxtaposed with the Kazakhstan collage sys-
tem to the south (ﬁg. 1). Because of this tectonic
position, the Chinese Altai is considered to be a
key region to study the convergent processes and
amalgamation between the Mongolian and Ka-
zakhstan collage systems. Previous investigations
documented that the Chinese Altai was a subduction-
accretion complex built on the margin of MongolianFigure 1. Simpliﬁed geological map of the western Central Asian Orogenic Belt, showing the study area and adjacent
regions. This is modiﬁed after Ren et al. (1999), Pirajno et al. (2008), and Wan et al. (2013). ETOB, East Tianshan ore
belt; NTSZ, CTSZ, STSZ, North, Central, and South Tianshan suture zones, respectively. Box indicates the study
area (Fuyun region).8.230.131 on October 31, 2016 20:46:42 PM
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2007, 2010; Sun et al. 2008; Xiao et al. 2008, 2009; Cai
et al. 2011c, 2014a). However, there is much debate
on its tectonic scenario in theCarboniferous toPerm-
ian, a critical period not only for its ﬁnal amalgam-
ation but also for the formation of major ore deposits
in the region (Han et al. 2004; Gao and Zhou 2013).
Several competing tectonic models have been re-
cently proposed for the late Paleozoic tectonic evolu-
tion of the Chinese Altai, including oceanic subduc-
tion (Chen et al. 2006a, 2006b; Xiao et al. 2011; Wan
et al. 2013; Zhang et al. 2015), postcollisional exten-
sion (Han et al. 2004; Song and Li 2009; Zhang et al.
2009; Su et al. 2011; Tong et al. 2012, 2014; Gao and
Zhou2013),slabbreak-off (Lietal.2012;GaoandZhou
2013),andmantleplume(Maoetal.2008;Pirajnoetal.
2008; Tong et al. 2014; Zhang et al. 2014). Therefore,
more systematic research should be undertaken to
unravel the tectonothermal events that have deter-
mined the tectonic evolution of the region. This study
reports zircon U-Pb and Hf isotopic data and whole-
rock geochemistry for the Permian immediate-maﬁc
rocks from the southmargin of theChineseAltai, aim-
ing to understand their petrogenesis and tectonic
implications.Geological Background
The Central Asian Orogenic Belt covers an immense
area that extends from the Ural Mountains on the
west to the Paciﬁc coast on the east. It is bounded
by the Siberian Craton to the north and the Tarim-
NorthChinaCratons to the south (ﬁg. 1; Zonenshain
et al. 1990; Mossakovsky et al. 1993; Sengör et al.
1993; Sengör and Natal’in 1996; Jahn et al. 2000a,
2000b; Windley et al. 2002, 2007; Jahn 2004). This
huge accretionary orogenic belt can be subdivided
into three early Paleozoic collage systems: the Mon-
golian collage system, the Kazakhstan collage sys-
tem, and the Tarim-North China collage system
(Xiao et al. 2015). TheMongolian and Kazakhstan col-
lage systems were bent into two separate oroclines
(Xiao et al. 2004, 2008, 2010, 2013, 2015; Levashova
et al. 2010, 2011), which were duplicated by slicing
and striking (Sengör et al. 1993;Yakubchuk2004) and
bounded to the south by the Tarim–North China col-
lage system (ﬁg. 1).
The Mongolian collage system was likely a
Devonian-Carboniferous ribbon-like archipelago in-
volving numerous island arcs and subduction accre-
tionary complexes (Badarch et al. 2002; Xiao et al.
2004, 2015; Windley et al. 2007; Wilhem et al. 2012).
This collage was bent to form the Mongolian oro-
cline, probably inPermian toTriassic time, as a resultThis content downloaded from 
All use subject to University of Chicago Press 147.0
Termof the collision with the Tarim–North China collage
system (Lehmannet al. 2010; BernardEdel et al. 2014;
Xiao et al. 2015). The Altai Mountain Range con-
stitutes the southwestern margin of the Mongo-
lian orocline and extends ca. 2500 km from Russia,
through Kazakhstan and China to southwestern Mon-
golia (Cai et al. 2011c, 2014a, 2014b). The Chinese
Altai occupies the central portion of the Altai Moun-
tain Range and is subdivided into the North Altai,
Central Altai, Qionghuer Domain, and South Altai
(BGMRX 1993; Windley et al. 2002; Long et al. 2007,
2010; Cai et al. 2010, 2011c, 2012a). The North Altai
is mainly composed of late Devonian–early Carbon-
iferous neritic clastic sedimentary rocks, arc volcanic
rocks, and greenschists. The Central Altai is under-
lain by thick turbiditic and pyroclastic sedimentary
sequences, most of which were deformed and folded
with steep axial planes. Voluminous granitic rocks and
several maﬁc-ultramaﬁc stocks intruded these sedi-
mentary sequences. The Qionghuer Domain contains
late Silurian sedimentary rocks (Kulumutu Group),
Early Devonian arc pyroclastic rocks (Kangbutiebao
Formation), and middle Devonian turbidites (Altai
Formation). Rocks of this domain were metamor-
phosed to greenschist or upper amphibolite facies
and locally to granulite facies. The South Altai con-
sists of Devonian fossil-bearing sedimentary rocks
and late Carboniferous volcaniclastic rocks that un-
derwent greenschist to amphibolite facies meta-
morphism (He et al. 1990; Windley et al. 2002; Cai
et al. 2011a, 2011b, 2011c, 2012a).
To the south, the Chinese Altai is separated by
the Erqis Fault—a large-scale (1000 km) sinistral
strike-slip fault—from the Junggar composite ter-
rane, which consists of East Junggar, West Junggar,
and Junggar basins (ﬁg. 1). The East Junggar includes
NW-striking Dulate and Yemaquan island arcs,
which are separated by the highly deformed and dis-
membered Armantai ophiolite belt (Xiao et al. 2004,
2009; Long et al. 2012; Cai et al. 2014b). The Dulate
arc is situated along the north side of the Armantai
ophiolite and includes Devonian-Carboniferous vol-
canic rocks, such as picrite, boninite, high-Mg an-
desite, and Nb-rich basalt (Zhang et al. 2003, 2004).
The Yemaquan arc is located to the south of the
Armantai ophiolite and is dominated by Ordovician-
Carboniferous clastic rocks and carbonates, with sub-
ordinate volcaniclastic rocks (Xiao et al. 2009, 2011;
Long et al. 2012). A plagiogranite from the Armantai
ophiolitic mélange yielded a SHRIMP zircon age of
5035 7 Ma (Xiao et al. 2009). The Junggar Basin is a
large petroliferous basin covered by several kilome-
ters ofMesozoic sedimentary rocks, and its basement
nature remains a subject of debate (Carroll et al.08.230.131 on October 31, 2016 20:46:42 PM
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Junggar constitutes a portion of the Kazakhstan col-
lage system that formed by multiple accretions of
seamounts, intra-oceanarcs, ophiolite fragments, and
subduction complexes during the Middle Cambrian
to Carboniferous (Carroll et al. 1995; Chen and Jahn
2004; Han et al. 2004; Jahn 2004; Xiao et al. 2004,
2009). The Kazakhstan collage system includes the
Chingiz arc, the Kokchetav microcontinent, and the
North Tianshan–Yili arc and is interpreted to occur
as a long composite arc in the early Paleozoic. This
composite arc was converted to the Kazakhstan oro-
cline throughbending in the latePaleozoic (Xiao et al.
2015). The northern limb of the Kazakhstan orocline
is represented by theChingiz arc that extends almost
to the Erqis Fault in the north, and the southern limb
is denoted by the Yili arc. The Kazakhstan orocline
was proposed to have an association with ridge sub-
duction in the late Carboniferous in the West Jung-
gar (Geng et al. 2009; Xiao et al. 2010, 2015; Yin
et al. 2010; Choulet et al. 2012;Ma et al. 2012).Regional Geology and Sample Descriptions
The south Chinese Altai is characterized by wide-
spread occurrences of magmatic rocks and com-
plex fault systems. The study area is bracketed by
the Fuyun fault in the east, the Kurti fault in the
southwest, and the Abagong fault in the north (ﬁg. 2).
The Fuyun fault has typical characteristics of ductile
shear deformation, indicated by S-C fabrics, asym-
metric folding, and augen structure. The ductile shear
zone is characterized by steeply NE-dipping pene-
trative mylonitic foliation and gently plunging sub-
horizontalstretchinglineation.TheKurtiandAbagong
faults are considered to be two separate branches of
an imbricated thrust fault system (ﬁg. 2), and they
occur broadly parallel to the orientation of the Irtish
thrust in this area. The majority of magmatic intru-
sions were emplaced in the Devonian (Wang et al.
2006; Yuan et al. 2007; Cai et al. 2010, 2011a, 2011b,
2011c); however, intermediate and maﬁc magmatic
rocks, the focus of this study, were mainly emplaced
in the Permian. The Permianmagmatic rocks are dis-
tributed along two fault systems (ﬁg. 2). The northern
belt is along the NNW-SSE-trending Fuyun fault
zone, and the rocks of this belt intruded the Ordo-
vician Habahe Group. The southern belt is along
the NW-SE-trending Kurti fault zone, and the rocks
of this belt intruded the Silurian and Devonian
strata. Field investigations show that the studied in-
termediate and maﬁc dikes vertically intruded the
granitoid rocks and paragneisses, and their width
varies from several meters to tens of meters (ﬁg. 2).
The dikes are fresh, with much weaker deformationThis content downloaded from 147.00
All use subject to University of Chicago Press Termsthan the surrounding granitoid rocks and paragneis-
ses. Based on the mineral assemblages and petro-
graphic textures, the intermediate-maﬁc dikes can
be categorized as gabbronorite and quartz diorite,
respectively.
The gabbronorite consists of plagioclase (40–
50 vol%),orthopyroxene(20–30vol%),andclinopyrox-
ene (10–20 vol%), with minor contents of magne-
tite,Cr-spinel, and ilmenite (ﬁg. 3b). Plagioclase grains
are euhedral to subhedral and 1–5mmin length,while
clinopyroxene, orthopyroxene, and otherminerals are
subhedral to anhedral. Clinopyroxene and orthopyrox-
ene commonly show variable chloritization, and pla-
gioclase shows the features of sericitization and kaolin-
itization.Quartzdiorite consists ofquartz (10–20vol%),
plagioclase (50–60 vol%), andhornblende (20–30 vol%),
withminor apatite,magnetite, and zircon.Thequartz
dioritic rocks have a granular texture characterized
by interlocking hornblende and plagioclase (ﬁg. 3d).
Plagioclase grains are subhedral to anhedral and are
0.5–2 mm in length. Anhedral to subhedral horn-
blende has irregular shapes and is embedded in
the interstices among plagioclase grains. Anhedral
quartz grains have sizes ranging from 0.2 to 1.0 mm
in length.Analytical Methods
Zircon Separation and Cathodoluminescence Imaging.
After sample crushing, zircons were separated by
standard heavy liquid and magnetic techniques.
Crystal grains from the 125 mm nonmagnetic frac-
tions were handpicked and mounted on adhesive
tape, enclosed in epoxy resin, and polished to about
half of their thickness.Cathodoluminescence images
were taken, using a JXA-8100 electron probe micro-
analyzer with a Mono CL3 cathodoluminescence
system for high-resolution imaging and spectroscopy,
at theGuangzhou Institute ofGeochemistry,Chinese
Academy of Sciences, to investigate internal struc-
tures and to choose potential target sites for U-Pb and
Hf analyses.
Zircon U-Pb Dating. Zircon U-Pb isotopic analy-
ses were performed at the Department of Earth Sci-
ences, University of Hong Kong. A 193-nm excimer
laser ablation system (Resolution M-50) was used in
connection with a Nu Plasma multicollector induc-
tively coupled plasma mass spectrometer (MC-ICP-
MS). Helium gas, which carries the laser-ablated sam-
ple aerosol from sample cell, was mixed with argon
carrier gas and nitrogen as additional diatomic gas to
enhance sensitivity and ﬁnally ﬂows into the MC-
ICP-MS torch for analysis. The detailed analytical
procedure is described by Xia et al. (2011). The ma-
jority of the analyses were conducted with a beam8.230.131 on October 31, 2016 20:46:42 PM
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of ∼5 J/cm2 per pulse. Zircons 91500 and GJ-1 were
used as the external standards for calibration. The
mass fractionation correction and isotopic results
were calculated by ICPMSDataCal (ver. 7.0; Liu et al.This content downloaded from 147.0
All use subject to University of Chicago Press Term2008). A common Pb correction was applied to all
measured ratios using the interference and back-
ground-corrected 204Pb signal intensity, following
the approach of Andersen (2002). Age calculation and
concordia plots were processed using ISOPLOT 3.0Figure 2. Distributions of dikes and maﬁc-ultramaﬁc intrusions in the Fuyun area (A) and cross section of the study
area (B; after Cai et al. 2012a).08.230.131 on October 31, 2016 20:46:42 PM
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486 K . D . C A I E T A L .(Ludwig 2003). Individual analyses are presented with
1j error in table S1 (tables S1–S5 available online) and
in concordia diagrams (ﬁg. 5). Uncertainties of mean
age calculations are quoted at the 95% level. 206Pb/238U
ages are used for grains !1.0 Ga, and 207Pb/206Pb ages are
used for grains 11.0 Ga, according to Black et al. (2003).
The U-Pb isotopic data are shown in table S1.
Zircon Lu-Hf Isotopic Analyses. Zircon Hf isotope
analyses were performed using the laser ablation
system Resolution M-50, attached to a Nu Plasma
high-resoluion MC-ICP-MS, at the Department of
Earth Sciences, the University of Hong Kong. A spot
size of 40 mm was used for most analyses and the
ablation spot for Hf isotope analysis was sited at
the same cathodoluminescence domain for theU-Pb
dating. The standard zircon 91500 was used as a ref-
erence standard, with a weighted mean 176Hf/177Hf
ratio of 0.282298 5 6 (2j, n p 50), similar to the
recommended 176Hf/177Hf ratio of 0.282306 5 10This content downloaded from 147.00
All use subject to University of Chicago Press Terms(Woodhead et al. 2004). Detailed instrumental set-
tings and analytical procedures were as described by
Xia et al. (2011). All Hf isotope data were calculated
using the decay constant of 1.865#10211 yr21 (Schärer
et al. 2001). The chondritic values of 176Hf/177Hf p
0.282772 and 176Lu/177Hfp 0.0332 (Blichert-Toft and
Albarede 1997) were used for the calculation of ɛHf(t)
values.ThedepletedmantleHfmodelages (TDM)were
calculated using the measured 176Lu/177Hf ratios of
zircon, assuming that the depleted mantle reservoir
has a linear growth from 176Hf/ 177Hf p 0.279718 at
4.55 Ga to 0.283250 at present, with a 176Lu/177Hf
value of 0.0384 (Grifﬁn et al. 2000). The Lu-Hf iso-
topic results are presented in table S2.
Major and Trace Element Analyses. Major oxides
weredeterminedbywavelength-dispersiveX-rayﬂuo-
rescence spectrometry on fused glass beads, using a
Rigaku RIX 2000 X-ray ﬂuorescence spectrometer
at the Guangzhou Institute of Geochemistry, Chi-Figure 3. Field photo of the gabbronoritic dikes (a), microscope photo of the thin section of the gabbronoritic rock (b),
ﬁeld photo of the quartz dioritic dikes (c), and microscope photo of the thin section of the quartz diorites (d) in the
Fuyun region. Pl, plagioclase; Qtz, quartz; Cpx, clinopyroxene; Opx, orthopyroxene; Amp, amphibole.8.230.131 on October 31, 2016 20:46:42 PM
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quantiﬁcation were produced by bivariate regression
of data from 36 reference materials encompassing a
wide range of silicate compositions (Li et al. 2006),
and analytical uncertainties are 1%–5%. The trace
elements—including rare earth elements (REEs),
high ﬁeld strength elements (HFSEs), and large ion
lithophile elements (LILEs)—were determined with
a Perkin-Elmer Sciex ELAN 6000 ICP-MS, using
nebulized sample solutions also at the Guangzhou
Institute of Geochemistry. Analytical procedures
are similar to those described by Liu et al. (1996) and
Li (1997). Approximately 50-mg sample powders were
dissolved in high-pressure Teﬂon bombs, using an
HF 1 HNO3 mixture. An internal standard solution
containing thesingleelementRhwasusedtomonitor
signal drift during counting.Aset of international and
Chinesenationalrockstandards—includingBHVO-2,
MRG-1, SY-4, G-2, and GSP-2 and GSR-1, GSR-2,
GSR-3, and GSD-12—were used for calibrating ele-This content downloaded from 147.0
All use subject to University of Chicago Press Termment concentrations of unknowns. Analytical errors
are generally !15%. The major and trace element re-
sults are presented in table S3.
Sr-Nd Isotope Analyses. Samples for Sr and Nd
isotopic analysis were decomposed in a mixture of
HF-HClO4, and Sr and Nd were separated using a
two-step ion exchange procedure. The 87Sr/86Sr and
143Nd/144Nd ratios were measured on a Micromass
IsoProbeMC-ICP-MS at the Guangzhou Institute of
Geochemistry, following the procedures described
by Wei et al. (2002) and Liang et al. (2003). 83Kr, 84Sr,
85Rb, 86Sr, 87(Rb 1 Sr), and 88Sr were simultaneously
measured to monitor the interference of 84Kr, 86Kr,
and 87Rb on Sr isotopes. Kr interference comes pre-
dominantly from Ar gas and is generally at a very
low level (0.015%) and can be effectively eliminated
after blank correction. Interference of 87Rb can be
estimated using 85Rb/87Rb p 2.59265 and a mass
fractionation factor calculated on the basis of mea-
sured 86Sr/88Sr ratios and 86Sr/88Srp 0.1194. NBS987Figure 4. Cathodoluminescene images of the analyzed zircon grains from the gabbronoritic and quartz dioritic dikes.
Circles denote the analyzing locations, and numbers refer to U-Pb ages and ɛHf(t) values. A color version of this ﬁgure
is available online.08.230.131 on October 31, 2016 20:46:42 PM
s and Conditions (http://www.journals.uchicago.edu/t-and-c).
488 K . D . C A I E T A L .was used as the standard tomonitor the instrumental
performance for Sr isotope analyses, and multiple
analyses of NBS987 yielded an average 87Sr/86Sr ratio
of 0.7102475 17 (2j). Repeated analyses for the Shin
Estu JNdi-1 standard during the course of this study
yielded an average 143Nd/144Nd ratio of 0.512120 5
8 (2j). Accordingly, the 143Nd/144Nd ratios reported
in this study were adjusted relative to the Shin Estu
JNdi-1 reference value of 0.512115 (Tanaka et al.
2000), corresponding to the La Jolla standard value of
0.511860. The 87Rb/86Sr and 147Sm/144Nd ratios were
calculated from theRb-Sr and Sm-Nd concentrations
determined by trace element analysis. The Sr andNd
isotopic compositions are listed in tables S4 and S5.Analytical Results
ZirconU-PbAgeandHfIsotopes. Zircongrains from
the gabbronorite are generally colorless and trans-
parent and are characterized by euhedral prismaticThis content downloaded from 147.00
All use subject to University of Chicago Press Termsshapes, concentric oscillatory zoning (ﬁg. 4a), and
high Th/U ratios (0.41–1.16), indicating an igneous
origin. Six analyses deﬁne a coherent age popula-
tion with a weighted mean 206Pb/238U age of 273.25
4.3 Ma (ﬁg. 5a), which is considered to record timing
of emplacement for the gabbronorite. The calculated
ɛHf(t) values range from 113.2 to 116.7 (ﬁg. 5c), and
TDM model ages are 318–387 Ma.
Zircon grains separated from the quartz diorite
are prismatic and euhedral (ﬁg. 4b), with high Th/U
ratios (0.62–1.50), suggesting that they are also ig-
neous in origin. Thirteen analyses yielded a coher-
ent age population with a weighted mean 206Pb/238U
age of 276.75 2.9Ma (ﬁg. 5b), which is taken as the
intrusive age of the quartz diorite. The ɛHf(t) values
calculated at 277 Ma are between 19.1 and 114.4
(ﬁg. 5d), with TDM model ages of 342–546 Ma.
GeochemicalCharacteristics. Thegabbronoritesare
characterizedbyhighTiO2 (1.92–2.48wt%) and show
a narrow range of SiO2 (47.1–51.3 wt%; ﬁgs. 6a, 7).Figure 5. Laser ablation inductively coupled plasma mass spectrometry U-Pb zircon concordia diagrams and Hf
isotopes for the gabbronoritic dikes and the quartz dioritic dikes. A color version of this ﬁgure is available online.8.230.131 on October 31, 2016 20:46:42 PM
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Journal of Geology 489A CC R E T I ONAR Y OROG EN E S I S O F TH E CH I N E S E A L T A ITheir MgO contents vary from 5.33 to 8.46 wt%
(Mg# p 52.3–62.8). They are alkali rich (K2O 1
Na2Op 3.55–5.12wt%;K2O≥ 0.74wt%) andmainly
plot in the moderate-high K ﬁelds (ﬁg. 6b). In Harker
diagrams (ﬁg. 7), TiO2, Al2O3, Fe2O
T
3 , and MgO de-
crease with increasing SiO2, while K2O and Na2O
exhibit positive correlations with SiO2 (ﬁg. 7). The
REE patterns show coherent enrichments of LREE
((La/Yb)Np 3.77–4.52) and ﬂat heavy rare earth ele-
ment (HREE) patterns ((Gd/Yb)N p 1.61–1.76), with
weak negative Eu anomalies (Eu=Eup 0:82–0.94;
ﬁg. 8a). In the primitive mantle-normalized multi-
element diagram, all gabbronorite samples show sim-
ilar trends of signiﬁcant enrichments in LILEs rela-
tive to HFSEs (ﬁg. 8b).
The quartz diorites have relatively higher SiO2
contents (57.3–58.3wt%) and lowerTiO2 (1.38–1.43
wt%) than those of the gabbronorites (ﬁgs. 6a, 7).
They display lower MgO contents (3.03–3.13 wt%)
and Mg# of 48.5–49.3 relative to the gabbronorites.
All samples plot in themedium-highKﬁelds (ﬁg. 6b),
with high K2O contents (≥1.89 wt%). In Harker dia-
grams, no linear variation is shown between major
oxides and SiO2 (ﬁg. 7). The quartz diorites have
lower Cr and Ni but higher total REE contents than
those of the gabbronorites (ﬁg. 8c) and show mod-
erately negative Eu anomalies (Eu=Eup 0:63–0.69),
slightly enriched LREE ((La/Nd)Np 9.42–10.62), and
relatively ﬂat HREE ((Gd/Yb)N p 1.87–2.04). Simi-
larly, in the primitive mantle-normalized trace ele-
ment diagram, the quartz diorites have coherent
patterns, with enrichment in LILEs (e.g., U and Pb),
negative HFSEs (e.g., Nb, Ta, Zr, and Hf) and Sr, and
Eu anomalies (ﬁg. 8d).This content downloaded from 147.0
All use subject to University of Chicago Press TermSr-Nd IsotopicCompositions. The gabbronorite sam-
ples have ɛNd(t) values of 14.9 to 16.1 and initial ra-
tios of 87Sr/86Sr(i) p 0.7036–0.7038 that resemble
those of the Permian hornblende gabbros (ɛNd(t) p
14.8 to 16.0, 87Sr/86Sr(i) p 0.7034–0.7035) and the
Triassic continental basalts (ɛNd(t) p 14.3 to 15.2,
87Sr/86Sr(i) p 0.7047–0.7052; Yuan et al. 2011; Wan
et al. 2013) in the region but are lower than those
of the Permian maﬁc intrusions in the Kalatongke
area(ɛNd(t)p16.3to18.2, 87Sr/86Sr(i)p0.7038–0.7050;
Zhang et al. 2009). The quartz diorites exhibit lower
ɛNd(t) values (∼12.5) and higher initial ratios of 87Sr/
86Sr(i) (0.7048) than those of the gabbronorite samples
(ﬁg. 9) but are close to those of the Devonian Keke-
tuohai maﬁc-ultramaﬁc complex (ɛNd(t)p 0 to12.7,
87Sr/86Sr(i)p 0.7046–0.7062; Cai et al. 2012b).Discussion
Petrogenesis and Magma Source of the Gabbronorites.
Since pyroxenes are partly replaced by chlorite and
plagioclases show features of sericitization, it is nec-
essary to evaluate the element mobility of the gab-
bronorites before discussing their petrogenesis and
source nature. We note that the gabbronoritic rocks
have a relatively low loss on ignition index (LOI p
0.80–1.74 wt%), and their trace elements display co-
herent patterns in the primitive mantle-normalized
spider diagram (ﬁg. 8), which are considered as evi-
dence of only a weak inﬂuence on chemical com-
positions by the mineral alteration. Accordingly, the
geochemical data should, to a great extent, faithfully
record the original compositions. The gabbronorites
have low SiO2 (47.1–51.3 wt%) and high MgO (5.33–Figure 6. Na2O 1 K2O versus SiO2 diagram (left; Cox et al. 1980) and K2O versus SiO2 plot (right) for the gabbronoritic
and quartz dioritic dikes in the Fuyun region, Chinese Altai. A color version of this ﬁgure is available online.08.230.131 on October 31, 2016 20:46:42 PM
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490 K . D . C A I E T A L .8.46wt%) contents aswell as high zircon ɛHf(t) (113.2
to116.7) and whole-rock ɛNd(t) (14.9 to16.1) values,
suggesting parental magma derivations from a de-
pletedmantle source. Compared with those of the prim-
itivebasalts (Mg#p63–73,Nip84.6–442ppm,CrpThis content downloaded from 147.00
All use subject to University of Chicago Press Terms266–975ppm;Green 1975; Frey et al. 1978;Hess 1992;
Kelemenet al. 2003), variationsofMg# (52.3–62.8) and
lower Ni (80.6–192 ppm) and Cr (71.2–95.7 ppm)
contents may be due to fractional crystallization of
ferromagnesianminerals (e.g., olivine, pyroxene, and/Figure 7. Variation diagrams for major oxides versus SiO2 for the gabbronoritic and quartz dioritic dikes. Symbols as
in ﬁgure 6. A color version of this ﬁgure is available online.8.230.131 on October 31, 2016 20:46:42 PM
 and Conditions (http://www.journals.uchicago.edu/t-and-c).
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the limited variation of SiO2 (47.1–51.3wt%) denotes
a weak inﬂuence of fractional crystallization during
magma evolution.
Crustal contamination may occur in the mantle
source, along the route of magma ascent, and/or
during ﬁnal emplacement. Because the bulk crust
has higher (Th/Yb)N and lower (Ta/Th)N than those
of mantle-derived magma, (Th/Yb)N and (Ta/Th)N
are generally applied as valid parameters to esti-
mate the degree of crustal contamination (ﬁg. 10a).
Compared with normal mid-ocean ridge basalt (N-
MORB) and enriched MORB (E-MORB), the gab-
bronorites are characterized by strikingly higher
(Th/Yb)N and lower (Ta/Th)N ratios. If the average
composition of the Devonian low-grade metamor-
phic sediments is taken as the potential crustal
contaminant, our samples do not well match the
modeling curves deﬁned by either an N-MORB or
E-MORB single mantle source. Alternatively, if aThis content downloaded from 147.0
All use subject to University of Chicago Press Termmixedmantle source is chosen for the magma source,
the result suggests that the extent of crustal contam-
ination of the gabbronorite rocks may be between
4% and 12% (ﬁg. 10a). Nevertheless, such a low de-
gree of crustal contamination is consistent with the
strikingly positive zircon ɛHf(t) (113.2 to116.7) and
whole-rock ɛNd(t) (14.9 to 16.1) values and the co-
herent REE and HFSE contents of these rocks. Be-
cause Yb (Dspinel/melt p 0.0045) and Sm (Dspinel/meltp
0.0006) have similar partition coefﬁcients, partial
melting of spinel lherzolite generally gives constant
Sm/Yb ratios (Aldanmaz et al. 2000; Green 2006).
In contrast, garnet has signiﬁcant uptakes of Yb
(Dgarnet/melt p 6.6) over Sm (Dgarnet/melt p 0.25); thus,
partial melting of garnet peridotites results in ele-
vated Sm/Yb ratios (Johnson 1994). The gabbrono-
rites have Sm/Yb ratios (1.75–1.89) and Sm contents
(5.32–7.47ppm)similar to partialmelts derived froma
mantle source of dominant spinel lherzolite (ﬁg. 10b).
In contrast, the Qiemuerqieke hornblende-bearingFigure 8. Chondrite-normalized rare earth element patterns and primitive mantle-normalized trace element spider
diagram for the gabbronoritic and quartz dioritic dikes. Normalizing values are from Sun and McDonough (1989).
Symbols as in ﬁgure 6. A color version of this ﬁgure is available online.08.230.131 on October 31, 2016 20:46:42 PM
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relatively shallowermantle source that was also dom-
inated by spinel lherzolites, as suggested by their
lowest Sm/Yb ratios (ﬁg. 10b).
Petrogenesis and Magma Source of the Quartz Di-
orites. Although the quartz diorites were emplaced
at 277 Ma, coeval with the gabbronorites, contrast-
ing isotope compositions and the lack of transitional
components do not support the possibility that the
quartz diorites are derivatives of the gabbronorites by
fractional crystallization. The quartz diorites have
intermediate SiO2 (57.3–58.3 wt%) contents and
moderately positive ɛNd(t) (∼12.5) and zircon ɛHf(t)
(19.1 to 114.4) values, suggesting that their precur-
sor magmas were sourced from a relatively less de-
pleted mantle source or juvenile maﬁc crust. The
restricted SiO2 (57.3–58.3 wt%) and the limited
variations of MgO contents (3.03–3.13 wt%) indicate
that the parental magma may not have been inﬂu-
enced by fractional crystallization and/or crustal con-
tamination. Eichelberger (1978) advocated that an-
desitic volcanic rock is a mixture of melts from the
upper mantle and lower crust. Although the quartz
diorites have chemical compositions resembling the
andesitic volcanic rocks, there is no solid evidence
from petrographic investigations to support magma
mixing. Inaddition, theparentalmagmaisunlikely to
bederivedfrompartialmeltingofoceaniccrust,which
generally yields adakitic melts with high Sr/Y ratios
(e.g., Defant and Drummond 1990). Therefore, we
ascribe the parental magma of the quartz diorites to
partial melting of juvenile maﬁc lower crust, be-
cause a thick, up to 46-kmmaﬁc-intermediate igneousThis content downloaded from 147.00
All use subject to University of Chicago Press Termsrock layer exists at the depths of the middle to lower
crust (Wang et al. 2003).
Experimental (e.g., Helz 1976; Beard and Lofgren
1991; Rapp et al. 1991; Rushmer 1991; Wolf and
Wyllie 1994; Rapp and Watson 1995) and theoreti-
cal (e.g., Roberts and Clemens 1993) studies dem-
onstrate that dehydration melting of basaltic rocks
within the lower crust with high heat ﬂow canFigure 9. Initial 87Sr/86Sr versus 143Nd/144Nd diagram for
the gabbronoritic and quartz dioritic dikes in the Fuyun
region. MORB, mid-ocean ridge basalt. A color version of
this ﬁgure is available online.Figure 10. a, (Th/Yb)N versus (Ta/Yb)N diagram for the
gabbronoritic and quartz dioritic rocks. The curve repre-
sents the simple mixing modeling results. Mixing man-
tle source between normal mid-ocean ridge basalt (N-
MORB) and enriched MORB (E-MORB) is considered to
be the presumed parental magma, and the Kangbutiebao
low metamorphic rock (Long et al. 2007) is used to be a
potential crustal contaminant.b,Plots of Sm/Yb versus Sm
for the gabbronoritic rocks in the Fuyun region. Mantle
array deﬁned by depleted MORB mantle (DM; McKenzie
and O’Nions 1991) and primitive mantle (PM; Sun and
McDonough 1989). Melting curves for spinel lherzolite
(Ol53 1 Opx271 Cpx171 Sp11) and garnet peridotite (Ol60 1
Opx201Cpx101Gt10) with bothDMand PMcompositions
are after Aldanmaz et al. (2000). Numbers along lines rep-
resent the degree of the partial melting. A color version of
this ﬁgure is available online.8.230.131 on October 31, 2016 20:46:42 PM
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melts. Speciﬁcally, dehydration melting of am-
phibolite can give rise to 10%–60% quartz diorite
in tonalite melts at temperatures of 9007–11007C,
whereas H2O-saturated partial melting can produce
similar amounts of granitic melts at lower temper-
atures, between8507 and9007C (e.g., Rapp et al. 1991;
Wolf and Wyllie 1994; Rapp and Watson 1995). The
quartz diorites of this study have chemical com-
positions overlapping those of partial melts derived
from metabasaltic rocks. For instance, they possess
medium SiO2, high Al2O3, moderate Na2O/K2O, high
LREE, andmoderateHREE concentrations (ﬁgs. 6–8).
Experimental studies show that garnet generally oc-
curs as amajor residualmineral of crustal partialmelt-
ing at greater depths (110 kbar; e.g., Rapp et al. 1991;This content downloaded from 147.0
All use subject to University of Chicago Press TermWolf andWyllie 1994;RappandWatson 1995),which
retains the majority of Y and HREE, resulting in sig-
niﬁcant deﬁciencies of such elements in relevant par-
tialmelts.As for thequartz diorites of this study, they
have high Y (139.8 ppm) and HREE (Yb 13.64 ppm)
concentrations and low Sr/Y ratios (!12), suggesting
that dehydration melting should take place at shal-
low depths at least above the garnet stability ﬁeld
(!10 kbar; e.g., PatiñoDouce 1996; Singh and Johannes
1996). The negative Sr and Eu anomalies may be due
to plagioclase residue in the magma source, whereas
the relatively high TiO2 contents and insigniﬁcant
MREE depletion suggest that amphibole was not a
residual phase (e.g., Petford and Atherton 1996). Col-
lectively, the chemical compositions of the quartz
diorites are consistent with the intermediate liquidsFigure 11. Plots of TiO2 and MgO versus SiO2 (a, b) and of TiO2 and MgO versus temperature (c, d) for the Fuyun
quartz diorites and experimental investigations. Note that the composition of the quartz diorites is likely reproduced
by high-temperature melting of a source similar to the alkali-enriched basaltic rocks of Rapp and Watson (1995).08.230.131 on October 31, 2016 20:46:42 PM
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melting of basaltic rocks at T p 10507–11007C and
Pp 8 kbar with granulite (plagioclase 1 clinopyrox-
ene 5 orthopyroxene 5 olivine) as a residue (Wolf
and Wyllie 1994; Rapp and Watson 1995). Moreover,
the quartz diorites are characterized by high K2O
(11.89wt%), similar to experimentalmelts producedThis content downloaded from 147.00
All use subject to University of Chicago Press Termsby partial melting of alkali basaltic and high-Al ba-
saltic sources (ﬁg. 11) but different from those gen-
erated by lowK-basaltic rocks (Wolf andWyllie 1994;
Rapp andWatson 1995). On the other hand, the high
MgO contents (13.03 wt%) of the quartz diorites
imply that high-Al basaltic sources may be unlikely.
In summary, themagma source of the quartz dioritesFigure 12. Early Permian paleogeographic reconstructions showing simpliﬁed plate boundaries and labels of some
major features of the Central Asian Orogenic Belt and the postaccretion extensional scenario are illustrated for the
southeast Chinese Altai (modiﬁed after Xiao et al. 2015).8.230.131 on October 31, 2016 20:46:42 PM
 and Conditions (http://www.journals.uchicago.edu/t-and-c).
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which may be melted at relatively shallow depths of
the lower crust.
Partial melting of the lower crust is generally re-
lated to high heat regime. In the south Chinese Altai,
260–280 Ma high-temperature granulites have been
reported (Chen et al. 2006b; Tong et al. 2014). PT
estimates suggest that metapelitic granulite might
have undergone peak metamorphic conditions of
Pp ∼8 kbar and Tp ∼9607C (Tong et al. 2014) and
that basic granulite had a peak metamorphic tem-
perature exceeding 9507C (Li et al. 2010). Moreover,
the basic granulites consist mainly of plagioclase,
clinopyroxene, and orthopyroxene as well as minor
amphibole and biotite (Li et al. 2004), resembling
the residue mineral assemblage after partial melt-
ing of amphibolites at 10507–11007C and 8 kbar
(e.g., Wolf andWyllie 1994; Rapp andWatson 1995).
These lines of evidence suggest a high geothermal
gradient in the southChineseAltai when the quartz
diorites were generated.
Tectonic Scenario of the South Chinese Altai in the
Permian. Recent studies have documented that the
ChineseAltai is composedmainly of early Paleozoic
sedimentary, volcanic, and granitic rocks, similar to
a Japan-type island arc (Xiao et al. 2004, 2009, 2015).
The intermediate-maﬁc dikes in our study crop out
in the south Chinese Altai, which is dominated by
an accreted Silurian–Early Devonian island arc (Sun
et al. 2008; Cai et al. 2011c). Zhang et al. (2015) ad-
vocated that the island arc was accreted to the main
body of the Chinese Altai in the Devonian and
jointly underwent multiple shortening events before
the crustal-scale sinistral strike-slip shearing along
the Erqis fault zone at 290–240Ma. We note that the
South Chinese Altai, as a crucial component of the
Mongolia collage system (Xiao et al. 2015), merged
with several separate tectonic units involving the
West Junggar, Junggar basin, and East Junggar. The
temporal and spatial variations (ﬁg. 12) imply that
the amalgamation history of the region can be hardly
reconciled by a simple tectonic scenario.
In the Fuyun region,where our intermediate-maﬁc
dikes crop out (ﬁgs. 1, 2), the East Junggar arc was
docked to the Mongolia collage system in the early
Permian, and the active margin was changed into
a back-arc or intraplate setting. A sequence of tec-
tonic events may have been witnessed by diagnostic
structural evidence and distinctive magmatism. The
NW-extending intermediate-maﬁc dikes show an
extensional state perpendicular to the strike of Altai
orogen in the Permian. This extensional scenario fa-
cilitated emplacement of synchronous A-type gran-
ites in the region (Han et al. 1997; Briggs et al. 2007;
Sun et al. 2009;Tong et al. 2012). In addition,Gao andThis content downloaded from 147.0
All use subject to University of Chicago Press TermZhou (2013) suggested that magma from an ∼308Ma
dioritic suite was derived from the thickened crust
during the amalgamation of the Chinese Altai with
the East Junggar, and a noritic suite in theKalatongke
area subsequently formed from a mantle-derived
high-Mg magma as a result of the upwelling of the
asthenospheric mantle in a postaccretion environ-
ment. Li et al. (2012) related the formation of the
Kalatongke intrusions to decompression melting in
upwelling of the asthenosphere as a result of slab
break-off during a transitional period from oceanic
subduction to collision in the early Permian. We
should emphasize that the Permian maﬁc-ultramaﬁc
rocks andA-type granites aremainly distributed along
the Erqis suture zone, suggesting a relatively thin
and weak lithosphere along the deep fault, which is
most favorable for magma emplacement (Grifﬁths
and Campbell 1991). For the southeastChineseAltai
(ﬁg. 12), we outline a tectonic evolution that involves
a sequence of tectonic scenarios from ocean sub-
duction, terrane amalgamation, and subducting slab
break-off to post-accretion extension, which took
place in the late Carboniferous to Permian. Owing
to amalgamation of the Chinese Altai with the East
Junggar, the Mongolian collage system was consid-
erably enlarged, and the active margin likely mi-
grated southward (ﬁg. 12).Conclusions
1. The grabbronoritic and quartz dioritic dikes
were emplaced at 276.75 2.9 and 273.25 4.3 Ma,
respectively, in the southern Chinese Altai. This ig-
neous activity was broadly coeval with the Permian
magmatism in the region.
2. Parental magmas of the grabbronorites might
have originated from a depleted mantle source dom-
inated by spinel lherzolite. The quartz diorites were
likely derived from a juvenile basaltic crust, which
mayhave been closely related to the intraplating and/
or underplating of hot mantle-derived magmas.
3. The Permian intermediate-maﬁc dikes formed
in an extensional environment after the amalgam-
ation of the southeast Chinese Altai with the East
Junggar.
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